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Photocurrent collection efficiency mapping of a silicon solar cell by a differential luminescence imaging technique U. Rau A differential electroluminescence imaging method for solar cells which yields local photocurrent collection efficiency maps is introduced. These maps attribute a value between zero and unity to each location on the cell. This value corresponds to the ratio between the current at the cell terminals and the locally generated photocurrent. The method is demonstrated for a multicrystalline silicon solar cell under constant illumination. If the point of maximum power output of the cell is chosen as the bias point, the method yields quantitative information on the local contribution to the maximum output power of the solar cell. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4898008]
During recent years, electroluminescence (EL) and photoluminescence (PL) imaging has become an important state-of-the-art characterization tool for solar cells and modules. [1] [2] [3] [4] [5] The different EL and/or PL based methods are fast, reliable, and quantitative. The basis for the quantitative evaluation of EL/PL experiments in solar cells is by given the reciprocity relation 6, 7 between electroluminescent emission and external photovoltaic quantum efficiency Q e ðEÞ
where / bb ðEÞ denotes the spectral photon flux density of a black body, V j the voltage applied to the junction, and V th the thermal voltage. In Eq. (1), / em ðEÞ, the emitted photon flux density as a function of photon energy E, is a superposition of the pure EL emission / EL stimulated by the junction voltage V j and the short circuit (SC) emission / PLsc caused by the photoexcitation. 7 For camera-based imaging methods, each pixel records a signal S cam ðrÞ that depends on the local emission at a location r on the solar cell or module. This signal also depends on the quantum efficiency Q cam ðEÞ of the camera 8, 9 according to
where we assume V th ( V j . The superposition of EL signal and the PL signal under short circuit condition underlying Eqs. (1) and (2) (1) and (2) result from the linear superposition of the two solutions of the diffusion/recombination equation: (i) the solution for the dark minority carrier distribution and (ii) the solution for the distribution of photogenerated minority carriers under short circuit condition.
As can be seen from Eq. (2), an EL image depends on two local quantities; the local quantum efficiency Q e ðE; rÞ, which results in the spatial dependence of the EL-prefactor S 0 ðrÞ, and the spatial distribution of the junction voltage V j ðrÞ. The external quantum efficiency Q e ðE; rÞ reflects a combination of local optical and recombination properties of the device, whereas variations of V j ðrÞ result from the interplay of resistive and recombination effects within the network of resistors and recombination diodes making up the equivalent circuit of the spatially extended solar cell (see, e.g., Refs. 13 and 14) . Furthermore, the signal is offset by the PL signal S PLsc ðrÞ under short circuit conditions as well as by spurious reflections from the excitation light that are difficult to suppress. 15, 16 Due to these various influences, interpretation of EL/PL images is not straightforward and methods are required to separate the influence of each of these factors. Various methods have been proposed during the past years to isolate the consequences of the local series resistance 10, [17] [18] [19] or of the local diffusion length 8 and reflectance losses 20 from the other abovementioned effects. The present paper uses differential, voltage driven luminescence images under constant illumination bias, which allow us to measure the device at any desired bias point, at the same time eliminating offsets that are not related to voltage variations. The present method yields an image of the photocurrent collection efficiency f PC as a function of the cell surface coordinate r, by combined analysis of a small signal and a large signal differential measurement. The quantity f PC is defined as the ratio between the locally generated photocurrent dI L ðrÞ and the resulting current dI T collected at the a)
Author to whom correspondence should be addressed. Electronic mail: u.rau@fz-juelich. terminals of the cell. 21 Due to this definition, we prefer the term 'photocurrent collection (PC) efficiency' and the symbol f PC over the term 'current transport efficiency' and the symbol f T used in Ref. 21 .
The starting point of our approach is a reciprocity theorem derived by Wong and Green 21 for a (linearized) equivalent network of a solar cell
Equation (3) states that is equivalent to measure f PC in either of two ways: (i) by generating a fixed differential photocurrent dI r L sequentially at all locations r and comparing it to the respective current dI T measured at the terminal without change of the terminal voltage, or (ii) by measuring the local junction voltage variation dV j ðrÞ caused by a differential change of the terminal voltage dV T (without a change of the illumination). In the first case, the necessary number of measurements is defined by the desired spatial resolution, because a local excess generation of photocurrent together with the measurement of the corresponding change in terminal current is necessary to calculate f PC for each location separately. In contrast, because of Eq. (1), luminescence pictures yield access to the local junction voltage, thus replacing the cumbersome sequential direct measurement of f PC described above (with a separate determination of dI T =dI r L for each pixel) by a simple photographic procedure. To access arbitrary working conditions-including illumination bias, we need to apply a differential technique.
Let us first consider a large voltage difference to eclipse the effect of the (short-circuit) PL in Eq. (2). The difference signal between an external bias voltage V T ¼ V b and zero bias (V T ¼ 0) for the cell under constant illumination bias is given by
Following Eq. (2), the first derivative of the camera signal with respect to the terminal voltage reads
Considering a small variation dV T of the terminal voltage around the voltage bias V T ¼ V b for constant bias illumination, we arrive at the small signal difference
Combining the large signal with the small signal response, we arrive at
which enables the determination of the photocurrent collection probability from the ratio of the large signal and the small signal response. To experimentally verify our theoretical approach, we measured a 15.6 cm Â 15.6 cm 3-busbar industrial multicrystalline cell. The cell contact stage had a solid copper baseplate and two rows of contact pins along the outside two busbars. The centre pin in each row measured the cell voltage. The middle busbar was not contacted, so that largerscale series resistance variations could be observed. The cell's current voltage curve was measured, using this contacting setup, under standard test conditions (STC). For the luminescence imaging measurements, we used a setup from the Solarzentrum Stuttgart GmbH employing a Princeton Instruments Nirvana640 InGaAs camera (640 Â 512 pixel) cooled to À80 C. Illumination was provided by a 90 W, 808 nm diode laser, with an intensity adjusted such that the short circuit current of the cell under 808 nm was equivalent to the short circuit current under STC. This constant bias illumination was used for all measurements. Neither background nor flatfield corrections was applied to the images, as they are accounted for in the analysis method. 
with dV T ¼ 80 mV. All four images were taken under the same constant illumination intensity.
In Figs. 1(a) and 1(b) , details such as different emission intensities caused by different grain orientations, reduced emission at grain boundaries, or dislocations, appear similarly, although some of the features appear more prominent in the small signal image. The differences between Figs. 1(a) and 1(b) are entirely explained by Eq. (7), as can be seen from the PC efficiency image (Fig. 1(c) ), calculated from the ratio between the intensities displayed in Fig. 1(b) and Fig.  1(a) . As predicted by Eq. (7), the PC map exhibits values between 0 and 1, with f PC approaching unity at locations where perfect current collection is obtained, for instance close to the two contacted bus bars. Since the center bus bar was not contacted, f PC decreases towards the center of the cell. Especially, low values of f PC are caused by broken grid fingers (arrow for one example in Figs. 1(a)-1(c) ) and regions of enhanced recombination (circle for one example in Figs. 1(a)-1(c) ). It is interesting to note that in case of the broken finger (an example of collection losses due to a high local series resistance), the low PC values result from the relatively strong signal in the large signal picture ( Fig. 1(a) , arrow) which enters in the denominator of Eq. (7). This strong signal originates from the fact that the high series resistance due to the broken finger which implies that the local junction voltage V j ðrÞ is much larger than the terminal voltage. The large value of V j ðrÞ leads to a high large signal response DS cam ðrÞ [cf. Eq. (4)]. However, the high series resistance reduces the small signal response dS cam ðrÞ with respect to DS cam ðrÞ by the poor ratio dV j =dV T [cf. Eq. (5)]. In contrast, the low collection efficiency in the area of excessive recombination results from a low signal in the small signal picture (Fig. 1(b) , circle) entering in the enumerator of Eq. (7). This effect is due to the reduced ratio of the local differential diode resistance in high recombination regions when compared to a normal series resistance. Therefore, the low dV j =dV T value implies a reduced small signal dS cam ðrÞ, while the large signal image shows no peculiar reduction.
Due to the voltage dependence of the local diode resistances, the PC maps are expected to change with changing voltage bias. This is illustrated by the sequence of PC maps taken at bias voltages V b ¼ 0.47 V (Fig. 2(a) , maximum power point), V b ¼ 0.51 V (Fig. 2(b) ), and V b ¼ 0.53 V (Fig.  2(c) , same as Fig. 1(c) ). It is clearly seen from the figures that f PC decreases at any point with increasing V b . Even in the defect free regions in the upper center of the cell, the collection efficiency decreases due to the increasing ratio between series resistance and local diode resistance.
The PC map at the maximum power point (Fig. 2(a) ) is especially valuable because here the differential contributions to the overall photocurrent from each point on the solar cell at the same time represent the differential contribution to the maximum output power. At the maximum power point, variations of the terminal current dI T lead to variations dP max of the maximum output power according to dP max ¼ V T;mpp dI T . 22 With the definition of the PC efficiency, we have
i.e., the PC map multiplied with the terminal voltage V T;mpp at the maximum power point yields the local contribution to the maximum output power dP max per unit locally generated photocurrent dI r L . As can be seen from Fig. 2(a) , major losses to dP max occur at the high recombination areas in the center of the cell with very low values of f PC in the range of 0.1-0.2. Broken grid fingers lead to values of f PC of approximately 0.5, whereas in the defect free regions close to the two contacted bus bars, f PC is very close to unity.
In summary, we have introduced a method to generate PC maps from differential EL images under illumination, i.e., under relevant working conditions. These PC maps quantitatively measure the current collection efficiency, and Fig. 1(c) ). so the image yields comprehensive and quantitative information on the differential contribution of each area to the photocurrent at the maximum power point and, consequently, the differential contribution to the output power of the solar cell.
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